The metabolic sensor AMP-activated protein kinase (AMPK) regulates several transport proteins, potentially coupling transport activity to cellular stress and energy levels. The creatine transporter (CRT; SLC6A8) mediates creatine uptake into several cell types, including kidney epithelial cells, where it has been proposed that CRT is important for reclamation of filtered creatine, a process critical for total body creatine homeostasis. Creatine and phosphocreatine provide an intracellular, high-energy phosphate-buffering system essential for maintaining ATP supply in tissues with high energy demands. To test our hypothesis that CRT is regulated by AMPK in the kidney, we examined CRT and AMPK distribution in the kidney and the regulation of CRT by AMPK in cells. By immunofluorescence staining, we detected CRT at the apical pole in a polarized mouse S3 proximal tubule cell line and in native rat kidney proximal tubules, a distribution overlapping with AMPK. Two-electrode voltage-clamp (TEV) measurements of Na ϩ -dependent creatine uptake into CRTexpressing Xenopus laevis oocytes demonstrated that AMPK inhibited CRT via a reduction in its Michaelis-Menten Vmax parameter. [ 14 C]creatine uptake and apical surface biotinylation measurements in polarized S3 cells demonstrated parallel reductions in creatine influx and CRT apical membrane expression after AMPK activation with the AMP-mimetic compound 5-aminoimidazole-4-carboxamide-1-␤-Dribofuranoside. In oocyte TEV experiments, rapamycin and the AMPK activator 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranosyl 5=-monophosphate (ZMP) inhibited CRT currents, but there was no additive inhibition of CRT by ZMP, suggesting that AMPK may inhibit CRT indirectly via the mammalian target of rapamycin pathway. We conclude that AMPK inhibits apical membrane CRT expression in kidney proximal tubule cells, which could be important in reducing cellular energy expenditure and unnecessary creatine reabsorption under conditions of local and whole body metabolic stress. proximal tubule; metabolism; Xenopus oocytes; target of rapamycin; SLC6A8 AMP-ACTIVATED PROTEIN KINASE (AMPK) is a ubiquitous metabolic-sensing kinase that exists as an ␣,␤,␥ heterotrimer and is activated by cellular energy depletion (elevated ratios of intracellular AMP to ATP concentration) and other cellular stresses (e.g., Ca 2ϩ stress). AMPK activation involves phosphorylation of the catalytic ␣-subunit at Thr 172 (pThr 172 ) by upstream AMPK kinases that include the LKB1 complex and the Ca 2ϩ
AMP-ACTIVATED PROTEIN KINASE (AMPK) is a ubiquitous metabolic-sensing kinase that exists as an ␣,␤,␥ heterotrimer and is activated by cellular energy depletion (elevated ratios of intracellular AMP to ATP concentration) and other cellular stresses (e.g., Ca 2ϩ stress). AMPK activation involves phosphorylation of the catalytic ␣-subunit at Thr 172 (pThr 172 ) by upstream AMPK kinases that include the LKB1 complex and the Ca 2ϩ / calmodulin-dependent kinase kinase-␤ (24). AMPK regulates a wide variety of cellular processes, including metabolic pathways, cell growth [via tuberous sclerosis complex (TSC2) in the mammalian target of rapamycin (mTOR) pathway], inflammation, protein synthesis, gene transcription, and membrane transport (16, 23, 37) . We and others have shown that AMPK regulates a growing number of epithelial ion transport proteins, including the CFTR Cl Ϫ channel, the epithelial Na ϩ channel (ENaC), the Na ϩ -K ϩ -2Cl Ϫ cotransporter (NKCC2), the KCa3.1 channel, and the vacuolar H ϩ -ATPase (4, 6, 10, 13, 17, 19 -21, 29, 48) . AMPK-dependent inhibition of these and other diffusive ion transport pathways may serve to minimize the dissipation of ionic gradients under conditions of cellular energy depletion. Concomitantly, AMPK activation enhances cellular nutrient uptake through increased plasma membrane expression and transcription of glucose and fatty acid transport proteins (16) . Thus, recent studies suggest an emerging paradigm whereby AMPK couples membrane transport to cellular metabolism, preserving the intracellular ionic environment, limiting ATP consumption, and defending the ability of cells to generate ATP and, thereby, continue vital processes in the face of metabolic stress. AMPK-dependent regulation of transport proteins may be indirect and mediated through common cellular signaling pathways and trafficking regulators (e.g., the ubiquitin ligase Nedd4-2, which regulates the ENaC) (4) . We have thus considered that AMPK may regulate other important membrane transport proteins, the expression or activities of which are modulated by cellular energy status or other cellular stresses.
The creatine transporter (CRT; SLC6A8) is a 635-amino acid Na ϩ -Cl Ϫ -coupled electrogenic cotransporter (with a 2 Na ϩ :1 Cl Ϫ :1 creatine stoichiometry) (9, 12) that mediates creatine uptake into a variety of cells, including neuronal cells, skeletal and cardiac muscle cells, and intestinal and kidney epithelial cells (15, 34) . Like AMPK, the creatine kinase (CK)-phosphocreatine (PCr) system is important in the maintenance of ATP homeostasis in tissues that have a high and rapidly fluctuating energy requirement (32, 47) . Specifically, PCr, formed by CK-dependent phosphorylation of creatine, serves as an important energy reservoir for ATP production. The CK-PCr system also serves as a mechanism for the transport of highenergy phosphate from intracellular sites of energy production (e.g., glycolysis or mitochondrial respiration) to sites of energy consumption (e.g., membrane pump ATPases) (3, 36, 47) . In addition, it appears that CRT expression is required to provide creatine for its conversion to PCr in cells that cannot manufacture creatine, such as brain and muscle cells (8) . Its importance in these cells is underscored by naturally occurring mutations in SLC6A8 that can cause developmental delays, mental retardation, severe language problems, skeletoneuromuscular disorders, and cardiomyopathy (42) .
In intestinal and renal epithelial cells, CRT expression at the apical membrane appears to have a different main role. In the intestine, CRT mediates alimentary creatine uptake and transepithelial creatine transport (34) . In the kidney, it mediates the first step of creatine reclamation in the nephron, a process that is critical for total body creatine homeostasis, thereby limiting the need for de novo creatine synthesis in the liver and other organs (12) . De novo creatine synthesis is energetically costly and requires a significant fraction of the total body methyl group donor potential in the form of S-adenosylmethionine (41) . Under normal conditions, the kidney effectively salvages creatine from the urine, and adult men on a creatine-free diet excrete little creatine. However, significant amounts of creatine are excreted in the urine following toxic exposures to doxorubicin (33) or lithium (27) . Similarly, it has long been recognized that urinary creatine excretion is dramatically increased under an inadequate diet, fasting, and other muscle massreducing conditions (26, 45) , where AMPK activity is expected to be elevated in cells throughout the body (24) . Indeed, creatine import for energy storage into cells would be unnecessary under conditions of starvation, when the body is in a catabolic state, and it would be energetically wasteful, as it would tend to dissipate cellular ionic gradients and necessitate greater Na ϩ -K ϩ -ATPase activity. Specifically, the CRT uses an inward Na ϩ gradient to move creatine into the cell. Although this process does not expend energy directly, the influx of Na ϩ enhances the activity of the Na ϩ -K ϩ -ATPase on the basolateral membrane of the cell, and this pump consumes ATP in this process.
A detailed understanding of the regulation of CRT is lacking, but it has been recently reported that CRT is stimulated by mTOR (38, 39) . Interestingly, AMPK is an upstream inhibitor of mTOR via its activation of tuberin (TSC2) in the tuberous sclerosis complex (37) , providing a potential mechanism for AMPK-dependent regulation of CRT. Furthermore, it has been recently demonstrated that significant AMPK activation occurs in rat kidney following induction of ischemia through ligation of the renal artery (31) . Given the common signaling pathways, the central role of the creatine-PCr system in cellular energy homeostasis (46), and the previous observation that metabolic depletion inhibits creatine reabsorption by the kidney, we hypothesized that AMPK may inhibit CRT activity at the plasma membrane of cells in the kidney and other tissues.
In this study, we examined the localization of CRT and AMPK in rat kidney tissue and in a mouse S3 proximal tubule cell line. We also measured CRT-dependent transport in the presence or absence of the AMPK activator 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR) in the Xenopus oocyte expression system using two-electrode voltage clamp (TEV) and in polarized S3 cells through [
14 C]creatine uptake fluxes. We also measured changes in apical membrane expression of CRT in S3 cells by cell surface biotinylation as a function of AMPK activation. Finally, we tested the role of the mTOR pathway in the AMPK-dependent regulation of CRT in oocyte TEV studies. We found that AMPK regulates CRT plasma membrane expression in oocytes and kidney proximal tubule cells, potentially through a mechanism involving the mTOR pathway.
MATERIALS AND METHODS
Reagents and chemicals. All chemical compounds were purchased from Sigma unless otherwise stated. AICAR and 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranosyl 5=-monophosphate (ZMP) were purchased from Toronto Research Chemicals. [ 14 C]creatine was obtained from Moravek Biochemicals. EZ-Link sulfo-NHS-SS-biotin was obtained from Pierce.
Antibodies. Custom-made immunopurified anti-CRT antibodies recognizing the NH2 terminus of the CRT were obtained by immunization of rabbits with a synthetic peptide comprising amino acids 14 -27 of rat SLC6A8 (GenBank accession no. NM_017348.2, Anawa, Switzerland). In addition, the following antibodies were obtained: antihemagglutinin (HA; HA.11, Covance); anti-AMPK-␣ and anti-pThr Kidney tissue preparation and confocal immunofluorescence microscopy. All animals were treated according to approved protocols by the Institutional Animal Care and Use Committee at the University of Pittsburgh. Adult male rats were perfused via the left ventricle with PBS at pH 7.4 at 37°C and then with paraformaldehyde (4%)-lysineperiodate buffer, as described previously (22) . The kidneys were harvested, cut in transverse sections, and further fixed overnight at 4°C in paraformaldehyde (4%)-lysine-periodate. After fixation, tissues were washed, quenched in NH4Cl, and cryoprotected in 30% sucrose in PBS-azide. Tissues were embedded in Tissue-Tek, and 4-m cryosections were obtained using a Reichert-Frigocut cryostat (22) . The sections were rehydrated in PBS and used for immunolabeling experiments employing the anti-CRT antibody following an antigen retrieval technique (5, 22) . For colabeling of CRT and AMPK, the tissue was immunolabeled with the anti-CRT antibody (1:4,000 dilution) and then with biotin-conjugated secondary goat anti-rabbit antibody (1:1,000 dilution). For amplification of the CRT antibody signal, we used a tyramide signal amplification (TSA) kit (Perkin Elmer) according to the manufacturer's instructions; then the same tissue sections were immunolabeled with an anti-AMPK-␣ antibody (1:50 dilution) in DAKO diluent followed by goat anti-rabbit secondary antibody coupled to Cy5 (1:100 dilution). For immunolabeling of CRT alone, anti-CRT antibody (1:100 dilution) was followed by Cy5-coupled goat anti-rabbit antibody (1:100 dilution). Immunolabeled tissues were imaged using a laser confocal microscope (Leica) at identical settings for all samples, and images were imported into Adobe Photoshop, as described elsewhere (22) .
Constructs. For generation of cRNA, the pHAC1 CRT-C-NN (wild-type rat CRT HA-tagged at the NH2 terminus) (43) was subcloned by PCR into the dual mammalian-oocyte expression vector pMO (4) using its NotI and XbaI restriction sites to generate the pMO-HA-CRT plasmid. The forward primer was 5=-AGT-CAGTCGCGGCCGCACCATGTACCCATACGATGTTCC-3=, and the reverse primer was 5=-TTCCTCTAGATCACATGACACTCTC-CACC-3=. All clones were confirmed by DNA sequencing.
Oocyte TEV measurements. Xenopus laevis oocytes were harvested, treated with collagenase, and maintained as described previously (6) . Oocytes were injected with 30 ng of cRNA encoding HA-tagged CRT. Experiments were performed at room temperature 5-6 days after the injection. TEV recordings were performed at a holding potential of Ϫ60 mV. The control (superfusate-ND96) solution contained 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl 2, and 5 mM HEPES, pH 7.4. Creatine was added to the solution at the indicated concentrations. NaOH was used to titrate the final solutions to pH 7.4. TEV recordings were performed 6 h after microinjection of 40 mM potassium-ZMP (K-ZMP, an AMPK activator) or K-gluconate (control) into the oocytes (32 nl/oocyte) at various concentrations of external creatine. Currents were then fitted by nonlinear least-squares regression to the Michaelis-Menten equation (V ϭ V max/{1 ϩ (Km/[creatine])}) using Igor Pro software (Wavemetrics).
Cell culture. Mouse S3 proximal tubule cells, originally derived by dissection of cells from S3 proximal tubule segments from a Brinster transgenic mouse [Tg(SV4OE)Bri7] carrying the large-T antigen of the SV40 virus, as described elsewhere (28) , were a kind gift of Dr. Simon Atkinson. Cells were used at passage 82-90 and cultured in the same medium used to culture the mpkCCD c14 cell line (2) . This medium is composed of equal volumes of DMEM and Ham's F-12 plus 60 nM sodium selenate, 5 g/ml transferrin, 2 mM glutamine, 50 nM dexamethasone, 1 nM triiodothyronine, 10 ng/ml epidermal growth factor, 5 g/ml insulin, 20 mM D-glucose, 2% (vol/vol) FBS, and 20 mM HEPES, pH 7.4 (reagents from Invitrogen and Sigma). Cells were maintained at 37°C in a humidified 5% CO 2-95% air incubator with medium changes every other day and passaged approximately twice weekly. S3 cells were then subcultured onto different-sized Transwell permeable filter supports (0.4-m pore size; Corning Costar) and grown 5-7 days prior to use in experiments to allow for cell polarization (polarized S3 cells).
Immunofluorescence labeling and confocal microscopy of polarized S3 cells. For immunofluorescence (IF) staining, polarized S3 cells on Transwell filters (0.33-cm 2 surface area) were pretreated with 1 mM AICAR or vehicle at 37°C for 2-3 h prior to fixation in 2% paraformaldehyde in PBS buffer for 30 min and then permeabilized by the addition of 1% PBS ϩ 1% BSA ϩ 0.1% Triton X-100 for 10 min, as described elsewhere (18) . After an additional wash with PBS, filters were immunolabeled with primary anti-CRT antibody (1:50 dilution) in DAKO diluent, along with mouse anti-ZO-1 (1:100 dilution), for 75 min and then with secondary goat anti-rabbit antibody conjugated with Cy5 (1:100 dilution) and secondary goat anti-mouse antibody conjugated with Cy3 (1:800 dilution). In additional experiments, cells were labeled with Cy3-coupled phalloidin (1:1,000 dilution) to stain F-actin. Filters were mounted in Poly-Mount (Polysciences) and imaged in a Leica confocal microscope using a ϫ40 objective with identical laser and stack acquisition and x-z reconstruction settings for all samples. Images were imported into Adobe Photoshop for further analysis and presentation.
Transfection and immunoblotting. Mouse S3 proximal tubule cells were cultured as described above. HEK-293 cells were cultured in DMEM (Sigma) supplemented with 10% FBS, 1% (vol/vol) penicillin (10,000 U/ml), 1% (vol/vol) streptomycin (10,000 g/ml), and 2 mM L-glutamine (Invitrogen). For overexpression of CRT, cells were grown to 60 -80% confluency on dishes prior to transfection (Lipofectamine 2000, Invitrogen) with the empty vector pMO (Con) or pMO-HA-CRT. At 24 h after transfection, cells were washed with ice-cold PBS prior to lysis in PBS containing 1% Triton X-100, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM DTT, and 1ϫ complete protease inhibitor cocktail (Roche). After incubation on ice for 15 min, lysates were centrifuged at 17,000 g for 15 min at 4°C, and the supernatants were supplemented with 4ϫ SDS Laemmli sample buffer. Subsequent to heating at 65°C for 15 min, 30 g of total lysate were separated by SDS-PAGE on a 4 -12% gradient gel (Nu-PAGE, Invitrogen), transferred to a nitrocellulose membrane, and immunoblotted with primary antibody [anti-HA (1:500 dilution) or anti-CRT (1:1,000 dilution)] overnight at 4°C and then with goat anti-mouse or anti-rabbit secondary antibody for 1 h at room temperature.
Surface biotinylation assays. Polarized S3 cells grown on Transwell filters (4.67-cm 2 surface area) were treated with 1 mM AICAR or vehicle for 2 h prior to apical surface biotinylation assays. Cells were washed three times for 5 min with ice-cold PBS containing Mg 2ϩ and Ca 2ϩ with agitation on ice to remove medium. The apical membrane was biotinylated using 1 mg/ml EZ-Link sulfo-NHS-SS-biotin in PBS for 30 min. The basolateral surface was incubated in PBS. The biotinylation reaction was then quenched by addition of ice-cold 10% FBS-containing medium to the apical surface. Monolayers were washed three times with ice-cold PBS prior to lysis in PBS containing 1% Triton X-100, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 1ϫ complete protease inhibitor cocktail (Roche) on ice for 15 min. Protein concentration of the postnuclear supernatant was determined, and 1 mg of protein was combined with streptavidin-Sepharose beads (Pierce) and incubated on a rotator overnight at 4°C. Samples from the streptavidin beads were washed three times in lysis buffer and collected in 2ϫ Laemmli sample buffer containing 10% DTT. The proteins were heated to 65°C for 15 min, separated by SDS-PAGE on a 4 -12% gradient gel (Nu-PAGE), and subjected to Western blot analysis using anti-AMPK-␣-pThr 172 , anti-CRT, and anti-␤-actin antibodies.
[ 14 C]creatine uptake flux measurements. Polarized S3 cells grown on Transwell filters (1.12-cm 2 surface area) were treated with AICAR (1 mM) for 2 h prior to and during uptake assays, which were performed on the basis of previously described methods (34) . Cells were serum-starved for 30 min at 37°C in Hanks' buffer and then washed twice with Krebs-Ringer-HEPES (KRH) buffer [10 mM HEPES (pH 7.4), 4.7 mM KCl, 2.2 mM CaCl 2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 10 mM glucose, and 120 mM NaCl]. Uptake assays were performed by apical application of KRH buffer (ϩ AICAR if appropriate) containing 10 M [
14 C]creatine (10 mCi/mmol; Moravec Biochemicals) for 45 min at 37°C (n ϭ 3 for each condition). The competitive CRT substrate ␤-guanidinopropionic acid (GPA, 1 mM) was applied in some fluxes so that background non-CRT-mediated uptake, which amounted to ϳ10% of the total uptake, could be subtracted. For termination of creatine uptake, the uptake medium was aspirated and the cells were washed twice with 0.5 ml of ice-cold KRH buffer in which 120 mM LiCl was substituted for NaCl. S3 cells were solubilized with 80 l of lysis buffer. First, samples were taken to determine protein concentrations using the Bradford technique (Bio-Rad). Then aliquots from each sample were analyzed by Western blotting to assess AMPK phosphorylation (anti-AMPK-␣-pThr 172 ). Fifty microliters of lysate was counted in 3 ml of advanced safety LSC scintillation cocktail (Fisher Scientific) in a liquid scintillation counter. Results were normalized by protein concentration and subtracted by background (GPA-sensitive counts).
Coprecipitation assays. Glutathione S-transferase (GST) pull-down assays were performed using methods described previously (6, 21) . Briefly, NH 2-terminal HA-tagged CRT (pMO-HA-CRT), AMPK-␤1 (pMT2-HA-AMPK-␤1), and AMPK-␥1 (pMT2-HA-AMPK-␥1), along with NH2-terminal GST-tagged AMPK-␣1 (pEBG-AMPK-␣1) or GST alone (pEBG vector), were coexpressed through transient transfection into HEK-293 cells 1 day prior to experimentation. Monolayers were washed with ice-cold PBS prior to lysis in PBS containing 1% Triton X-100, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 1ϫ complete protease inhibitor cocktail on ice for 15 min. Protein concentration of the postnuclear supernatant was determined, and 1 mg of protein was combined with glutathione (GSH)-agarose beads (Pierce) and incubated overnight at 4°C. Samples from the GSH-agarose beads were washed three times in lysis buffer and collected in 2ϫ Laemmli sample buffer containing 10% DTT. The proteins were heated to 65°C for 15 min, separated by SDS-PAGE (Nu-PAGE 4 -12% gradient gel, Invitrogen), and subjected to Western blot analysis using anti-HA and anti-GST antibodies.
Statistical analysis. Statistical analyses were performed using StatView (SAS) or SigmaPlot (Jandel Scientific) software. ANOVA was used to compare data obtained from different batches of oocytes for TEV experiments. For other biochemical experiments, statistics were performed using unpaired or paired Student's t-tests. P Ͻ 0.05 was considered significant.
( Fig. 1) . Immunolabeling in kidney for CRT and the catalytic AMPK-␣ subunit revealed staining for both proteins at or near the brush border membrane of proximal tubules (Fig. 1, A and  C) . To demonstrate CRT and AMPK colocalization within the same section, we used a tyramide signal amplification (TSA) approach, because both antibodies were raised in rabbit. When we performed coimmunolabeling of the CRT (Fig. 1B) using TSA, followed by immunolabeling of AMPK (Fig. 1C) , we observed a partially overlapping distribution of CRT and AMPK immunostaining at or near the apical membrane of this epithelium in proximal tubules (Fig. 1D ). There was a more granular and discontinuous appearance of CRT staining after TSA (Fig. 1B) than without amplification (Fig. 1A) , an artifact that likely limits the degree of apparent colocalization with AMPK using this approach. In tissues immunolabeled with only secondary antibodies (no primary antibodies), there was minimal nonspecific staining under identical acquisition settings (Fig. 1, E-G) .
AMPK activation inhibits Na ϩ -dependent creatine uptake via CRT into oocytes through a reduction in V max . To test whether and how AMPK regulates CRT expression, we performed TEV experiments to compare the activity of this electrogenic 2Na ϩ -Cl Ϫ -creatine cotransporter expressed in X. laevis oocytes as a function of AMPK activation. We measured CRT-dependent currents at a holding potential of Ϫ60 mV in oocytes expressing rat CRT with various concentrations of creatine in the external buffer. Typical current sweeps obtained with various creatine concentrations 6 h following microinjection of the AMP-mimetic compound K-ZMP vs. K-gluconate are shown in Fig. 2A . Microinjection of the AMPK activator K-ZMP inhibited creatine-dependent currents by 30 -40% compared with control (K-gluconate-injected) oocytes with 30 and 300 M creatine in the buffer (Fig. 2B) . To better discern the functional mechanism for the AMPK-dependent inhibition of the CRT, we measured CRT-mediated currents at various concentrations of extracellular creatine (0, 15, 30, 100, and 300 M) after injection of K-ZMP or K-gluconate. We then fitted the data through nonlinear least-squares regression to the Michaelis-Menten equation (see MATERIALS AND METHODS) to derive estimates of maximal CRT activity (V max ) and the apparent affinity of CRT for creatine (K m ) as a function of AMPK activation (Fig. 2C) . Currents within each experiment were normalized to the mean calculated V max parameter for K-gluconate-injected oocytes. Injection with the AMPK activator K-ZMP significantly reduced the V max of the CRT by 38 Ϯ 2% compared with that of K-gluconate control-injected oocytes. However, the apparent affinity of CRT for creatine was not affected by the AMPK activator (K m ϭ 30.2 Ϯ 3.5 M for K-ZMP treatment vs. 31.3 Ϯ 2.3 M for K-gluconate treatment). These findings imply that inhibition of CRT activity by AMPK may occur through a reduction in plasma membrane expression of CRT in oocytes.
S3 proximal tubule cells redistribute CRT from the apical pole to the cytoplasm following incubation with the AMPK activator AICAR. To more directly test whether AMPK inhibits CRT activity and apical membrane expression in a more physiologically relevant cell system, we used immortalized cells derived from the S3 segment of the kidney proximal tubule of an SV40 transgenic mouse (28) , which were grown on Transwell filters to allow for polarization. We first performed time-course experiments to check for AMPK activation by treatment of S3 cells with 1 mM AICAR (Fig. 3A) . By immunoblotting for the activated form of AMPK using a phosphospecific antibody (anti-AMPK-␣-pThr 172 ), we found that AMPK was well activated by 1 mM AICAR treatment for 2 h in S3 cells, and further activation occurred at later time points (Fig. 3A) . Because of potential compensatory cellular responses occurring over longer treatment times with the AMPK activator, we focused on the acute effects of AICAR treatment on CRT distribution and activity in these cells at 2-3 h. Immunofluorescence labeling of polarized S3 cells grown on filters with or without AICAR for 2 h prior to fixation and staining is shown in Fig. 3B . CRT apical immunolabeling was qualitatively less in cells treated with the AMPK activator (AICAR) than in cells treated with vehicle alone. Specifically, the proportion of total cellular CRT staining apical to (above) the tight junction marker (ZO-1) was substantially greater in vehicle-treated S3 cells than in the AICAR-treated cells (Fig.  3B) . To account for possible changes in cellular architecture as a function of AICAR treatment, we performed additional staining with phalloidin to delineate the actin cytoskeletal network of polarized S3 cells under both treatment conditions (Fig. 3C) . AICAR-and vehicle-treated cell monolayers had a similar cytoskeletal actin cellular distribution with a preserved cortical actin web (Fig. 3C) . Therefore, the decrease in apparent CRT apical pole localization with AICAR treatment appears to be due to a true change in subcellular distribution, rather than a loss of cellular polarity or a disruption of the cortical actin web.
Immunoblotting of CRT-expressing HEK-293 cells. Multiple immunoreactive bands for the CRT on Western blot have been previously described and may vary greatly depending on tissue or cell type (35, 43) . To demonstrate the specificity of the CRT antibody used for confocal IF staining and immunoblotting, cell lysates from vector-alone or HA-tagged CRT-transfected HEK-293 cells were analyzed by immunoblotting using anti-HA and anti-CRT antibodies (Fig. 4, lanes 1-4) . Both antibodies revealed similar signal patterns in CRT-overexpressing HEK-293 cells: very prominent bands at ϳ120 kDa, more strong bands at 45-50 and 55-60 kDa, and an additional weaker band at 65-75 kDa. These findings suggest that the CRT antibody specifically recognizes CRT. The vector-alonetransfected cells probed with anti-CRT antibody (lane 1) dem- CRT-dependent currents (means Ϯ SE) were significantly inhibited (30 -40%) by the AMPK activator ZMP compared with KG control after 6 h of treatment in the presence of 30 and 300 M creatine. *P Ͻ 0.05 relative to KG (2-tailed, unpaired t-tests; n ϭ 24 oocytes, N ϭ 3 batches per condition). C: relative CRT-dependent currents measured at various creatine concentrations 6 h after injection of ZMP or KG and then fitted by nonlinear least-squares regression to the Michaelis-Menten equation. Vmax for each experiment was normalized by the mean Vmax for KG (n ϭ 24 oocytes, N ϭ 3 batches per condition). The AMPK activator ZMP caused a 38 Ϯ 2% reduction in Vmax but had no effect on Km.
onstrated very weak signals corresponding to the lower three bands in the HA-CRT-overexpressing cells, suggesting that there may be low levels of endogenous CRT expression in these cells. To establish the CRT immunoblot signal pattern in S3 proximal tubule cells and test whether cellular host factors may modulate CRT processing, we compared immunoblots of HEK-293 cells and S3 cells transfected with HA-tagged CRT and then immunoblotted using anti-HA antibody (Fig. 4, lanes  3-6) . The signal pattern observed with expression of HA-CRT in S3 cells differed significantly from that in HEK-293 cells: in S3 cells the uppermost band occurred at 90 -95 kDa, and the middle 65-to 75-kDa band was absent (Fig. 4, lane 6) . These findings indicate that cellular processing of the CRT at the mRNA and/or protein level may differ as a function of host cell type.
Surface biotinylation and [ 14 C]creatine uptake flux measurements in mouse S3 proximal tubule cells following treatment with the AMPK activator AICAR.
To better quantify changes in apical plasma membrane CRT expression following AMPK activation in polarized S3 proximal tubule cells, we performed apical domain-specific surface biotinylation studies to label CRT present in the apical membrane using sulfo-NHS-SS-biotin, which covalently reacts with extracellular Lys residues in proteins. Polarized S3 cells were treated with 1 mM AICAR or vehicle for 2 h prior to apical surface biotin labeling. AICAR treatment enhanced mean AMPK cellular activity to almost four times that of control-treated filters (Fig. 5A) , while CRT apical plasma membrane expression decreased by 30 -40% with AICAR treatment relative to that of control-treated filters (Fig. 5B) . Interestingly, only the uppermost CRT band at 90 -95 kDa appears to be present in the biotinylated apical membrane pool. Together, the results from Figs. 3 and 5 demonstrate that AMPK activation in polarized kidney S3 proximal tubule cells is associated with an inhibition of apical membrane expression of the CRT, which is consistent with our observation that AMPK activation decreased the V max of exogenously expressed CRT in Xenopus oocytes (Fig. 2) .
To test whether AMPK inhibits CRT-mediated creatine uptake in polarized S3 proximal tubule cells, [ 14 C]creatine uptake assays from the apical surface were performed under these conditions in the presence or absence of 1 mM AICAR. Uptake assays under both treatment conditions were performed in the presence or absence of 1 mM GPA, a competitive substrate of the CRT, to derive CRT-specific influx rates (34) . Additional control experiments confirmed that CRT-specific creatine influx rates were linear during the 45-min uptake flux period used for these measurements (data not shown). In this series of experiments, 1 mM AICAR treatment enhanced mean AMPK cellular activity to almost three times that of control-treated filters (Fig. 6A) , while CRT-mediated [
14 C]creatine influx was inhibited by ϳ20% with AICAR treatment relative to control filters (Fig. 6B) . Therefore, the loss of apical plasma membrane CRT expression following treatment with the AMPK activator AICAR was associated with a parallel loss of CRT functional transport activity.
AMPK interacts with CRT in cells. To investigate potential mechanisms for the regulation of CRT by AMPK, we first tested whether AMPK interacted with CRT when epitopetagged versions of these proteins were expressed in HEK-293 cells. GST pull-down assays were performed on lysates from cells that were transfected to express HA-tagged CRT, along ]creatine uptake (generally ϳ10% of total) was considered background, and this value was subtracted from total uptake values. AICAR induced a ϳ20% inhibition in CRT-dependent [ with GST-tagged AMPK-␣ 1 and HA-tagged AMPK-␤ 1 and -␥ 1 or GST alone (Con, Fig. 7 ). Samples of cell lysates (Input) or of the proteins affinity-purified from the lysates on GSH-agarose beads (GST pull-down) were immunoblotted using anti-HA (Fig. 7A ) or anti-GST (Fig. 7B) antibodies. As a positive control, the HA-tagged AMPK-␤ 1 and -␥ 1 subunits of the AMPK holoenzyme complex were efficiently pulled down by the GST-AMPK-␣ 1 bound to GSH-agarose beads, but not by GST alone. Similarly, pull down of HA-tagged CRT by GST-AMPK-␣ 1 was significant. These results suggest that AMPK-␣ 1 binds to CRT when expressed in HEK-293 cells, either directly or indirectly. However, additional studies failed to detect any significant in vitro phosphorylation of CRT expressed in and then immunoprecipitated from HEK-293 cell lysates and subsequently exposed to purified AMPK holoenzyme (data not shown). These findings, along with localization studies in kidney tissue (Fig. 1) , suggest that although AMPK and CRT may coexist within a regulatory complex in cells, CRT regulation by AMPK may be occurring by a mechanism that does not involve direct phosphorylation of CRT by AMPK.
AMPK may inhibit CRT via an indirect mechanism involving the mTOR pathway. It has been recently reported that CRT is stimulated by mTOR (38) , and AMPK is a well-characterized upstream inhibitor of mTOR (37) . To investigate whether AMPK may inhibit CRT via an indirect mechanism involving the mTOR pathway, we injected cRNAs to express CRT and mTOR into Xenopus oocytes, which were used for TEV measurements of CRT currents 5-6 days after microinjection. An approach described previously to demonstrate regulation of CRT by the mTOR pathway (38) was used to treat oocytes with vehicle (DMSO) or 50 nM rapamycin, an inhibitor of mTOR, 3 days before experimentation. Oocytes were then microinjected with K-ZMP (to activate AMPK) or K-gluconate (control) 5-6 h before TEV measurements, as described above. As observed in oocytes expressing CRT alone (Fig. 2) , the AMPK activator ZMP inhibited CRT-dependent currents in oocytes expressing CRT and mTOR together by ϳ30% (Fig. 8, left) . Rapamycin pretreatment inhibited CRT-dependent currents relative to vehicle to a similar extent as ZMP (Fig. 8) . However, there was no additive inhibitory effect of ZMP microinjection in the rapamycin-pretreated oocytes (Fig. 8, right) , suggesting that the ZMP-dependent inhibition of CRT may act through the mTOR pathway.
DISCUSSION
The kidney is the principal organ for the first step of endogenous creatine synthesis, where guanidinoacetic acid is synthesized by arginine-glycine aminotransferase, an enzyme highly expressed in this organ. Guanidinoacetic acid synthesized by the kidney is then released into the bloodstream and taken up by the liver, where it is methylated to form creatine. Subsequent release from the liver provides creatine to the various target organs (e.g., skeletal and cardiac muscle, brain and neuronal tissue, testis, and others) (for review see Ref. 49 ). Besides being involved in the endogenous synthesis of creatine, some kidney epithelial cells, especially those in the proximal tubule that are highly active metabolically due to large transcellular ion fluxes driven by ion-pump ATPases, express high levels of CK (14) . Similar to muscle and brain cells, they depend on energy-rich PCr and a high PCr-to-ATP ratio for temporal and spatial energy buffering (47) . Thus, efficient proximal tubular epithelial cell function requires an optimal supply of creatine as a precursor for PCr, which is afforded by expression of the CRT SCL6A8 at the apical membrane. Indeed, it has been shown that preparations of kidney brush borders and apical membrane vesicles express an apical membrane CRT that is already active in rat fetuses and is developmentally regulated by increase in the density and/or turnover of the transporters (11) . However, under conditions of ischemia or metabolic depletion, unabated expression or activity of the CRT at the apical membrane could aggravate cellular metabolic demands by allowing apical Na ϩ entry. Ongoing CRT activity would then necessitate greater basolateral Na ϩ -K ϩ -ATPase activity and ATP consumption to maintain transcellular ionic gradients. We have thus considered that AMPK, the activity of which is exquisitely sensitive to changes in cellular metabolic status, might be a relevant and important regulator of this transporter.
In this study, we have confirmed that CRT has a prominent apical distribution in kidney proximal tubule and in polarized proximal tubule-derived S3 cells. In rat proximal tubule, immunolabeling for the CRT revealed overlap in some apical regions with the AMPK-␣ subunit. Moreover, cellular GST pull-down studies showed significant binding of the CRT to AMPK, suggesting that these proteins exist in a complex. This complex could potentially include other proteins, such as the actin cytoskeleton (cf. Fig. 6 ), which is known to be involved in apical membrane recycling and sorting of a variety of transport proteins (30) , and other signaling mediators that are involved in CRT regulation. Our results also suggest that the loss of apical plasma membrane CRT expression following acute treatment with the AMPK activator AICAR was associated with a parallel loss in CRT functional transport activity and that AMPK activation decreased V max and redistributed the transporter from an apical to a more cytosolic distribution in S3 proximal tubule epithelial cells. These findings are consistent with a recent study that demonstrates AMPK-dependent downregulation of the plasma membrane abundance of other Na ϩ -coupled cotransporters, the glutamate transporters [excitatory amino acid transporters (EAAT3 and EAAT4)] (40). Moreover, consistent with a role for AMPK in the more generalized inhibition of Na ϩ reabsorption in the kidney proximal tubule, activation of AMPK in vivo has been recently shown to enhance the tubuloglomerular feedback mechanism and increase the fractional delivery of fluid and Na ϩ to the end of the proximal tubule in rats with high dietary NaCl intake (25) . AMPK-dependent regulation of transport proteins may be indirect and mediated through common cellular signaling pathways and trafficking regulators. For example, we and others recently showed that ENaC regulation by AMPK is mediated through the ubiquitin ligase Nedd4-2 (1, 4), which regulates a variety of membrane transport proteins (50) . When expressed in oocytes, rapamycin and the AMPK activator ZMP inhibited CRT currents, but there was no additive inhibition of CRT by ZMP, suggesting that AMPK may inhibit CRT indirectly via inhibition of the mTOR pathway in cells. The potential pathways downstream of mTOR that are important for AMPKdependent regulation of CRT are unknown. However, it has been reported that mTOR may act upstream of the serum-and glucocorticoid-regulated kinase isoforms SGK1 and SGK3 in the stimulation of CRT (44) . It is also known that CRT is downregulated by activators of protein kinase C (PKC) (9), which is another potential regulatory target of AMPK (7) . Further studies to explore the downstream and upstream signaling pathways involved in the AMPK-dependent regulation of CRT in relevant cell model systems and in vivo are warranted.
We envision that the presence of CRT at the apical pole of kidney proximal tubule cells is essential to modulate acutely the metabolic needs of these epithelial cells, in conjunction with AMPK. This study examined acute effects of AMPK activation, which could be relevant under physiological (e.g., with minor fluctuations in cellular energy supply and demand) and pathological (e.g., ischemia) conditions. However, chronic AMPK activation, which may occur on a cellular and a whole body level with chronic starvation or malnutrition, could conceivably have distinct effects on CRT function and may inhibit transepithelial reclamation of creatine in the kidney for the regulation of whole body creatine pools. Under normal conditions, the kidney effectively salvages creatine from the urine, but significant amounts of creatine are excreted in the urine with fasting and other muscle mass-reducing conditions (26, 45) , where AMPK activity is expected to be high throughout the body (24) . Indeed, creatine uptake into cells as an energy storage buffer could be considered unnecessary under conditions of starvation when the body is in a catabolic state.
A certain fraction of creatine that is reabsorbed from the tubular lumen into kidney epithelial cells is likely to be transported back into the blood, similar to transepithelial creatine transport in gastrointestinal epithelia. Alimentary creatine is taken up from the gut lumen by intestinal epithelial cells and delivered by transepithelial transport into the bloodstream (34) . Thus, for creatine reclamation from proximal tubular fluid, it seems likely that a creatine transport system should also exist at the basolateral side of these cells for transepithelial transport of creatine into the bloodstream. However, as observed in intestinal epithelial cells, very little CRT appears to be localized at the basolateral membrane of kidney epithelia cells (Figs. 1 and 3) . Therefore, such a transporter is unlikely to be CRT. This assertion is supported by the fact that, if CRT were involved, the combined extracellular Na ϩ and Cl Ϫ gradients would move creatine in the opposite direction (i.e., from the blood into the kidney epithelial cell). Thus the nature of this basolateral transporter is still unknown. The function of CRT studied in this setting would therefore primarily represent reabsorption of urinary creatine to preserve whole body creatine metabolism. This notion is supported by the fact that, in models of nephrotoxicity or kidney disease, urinary creatine excretion, which is very low in normal individuals, is highly elevated in doxorubicin-or lithium-induced nephrotoxicity (27, 33) .
In summary, this study presents evidence, for the first time, that AMPK regulates CRT in kidney proximal tubule epithelial cells. It appears that AMPK associates with CRT but may not directly phosphorylate the transporter. Further studies are necessary to elucidate the indirect mechanism for AMPK-mediated acute CRT regulation in the kidney.
